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HIV/AIDSAlthough retroviral integrase speciﬁcally trims the ends of viral DNA and inserts these ends into any
sequence in cellular DNA, little information is available to explain how integrase distinguishes between its
two DNA substrates. We recently described novel integrase mutants that were improved for speciﬁc nicking
of viral DNA but impaired at joining these ends into nonviral DNA. An acidic or bulky substitution at one
particular residue was critical for this activity proﬁle, and the prototypic protein — Rous sarcoma virus
integrase with an S124D substitution — was defective at nonspeciﬁcally binding DNA. We have now
characterized 19 (including 16 new) mutants that contain one or more aspartic acid substitutions at residues
that extend over the surface of the protein and might participate with residue 124 in binding cellular DNA. In
particular, every mutant with an aspartate substitution at residue 98 or 128, similar to the original S124D
protein, showed improved speciﬁc nicking of viral DNA but disturbed nonspeciﬁc nicking of nonviral DNA.
These data describe a probable cellular-DNA binding platform that involves at least 5 amino acids, in the
following order of importance: 124N128N(98, 125)N123. These experimental data are vital for new models
of integrase and will contribute to identifying targets for the next generation of integrase inhibitors.© 2009 Elsevier Inc. All rights reserved.IntroductionIntegration of a copy of the retroviral genome into cellular DNA is
required for retrovirus replication and pathogenesis (Brown, 1997).
The retroviral integrase protein catalyzes integration in two distinct
biochemical steps, which can be modeled in vitro by using puriﬁed
enzyme and oligodeoxynucleotide substrates. In the ﬁrst reaction,
referred to as processing, integrase speciﬁcally nicks the 3′ ends of
viral DNA after conserved CA bases to remove the terminal two
nucleotides (Fig. 1, top) (Katzman et al., 1989). In the second reaction,
referred to as DNA joining or stand transfer, integrase inserts the
trimmed viral DNA ends into almost any sequence in cellular DNA (Fig.
1, middle) (Craigie et al., 1990; Katz et al., 1990). However, little
experimental information is available to explain how integrase
distinguishes between its two DNA substrates to catalyze speciﬁc
and nonspeciﬁc nicking reactions. Deﬁning sites on the integrase
protein that bind viral or cellular DNA would directly address this
question.
Recently, our laboratory described mutants of the integrases of
Rous sarcoma virus (RSV) and human immunodeﬁciency virus type 1ivision of Infectious Diseases,
ical Center, P.O. Box 850, Mail
33.
ll rights reserved.(HIV-1) that were improved for speciﬁc nicking of viral DNA but
impaired at nonspeciﬁc nicking of nonviral DNA (Konsavage et al.,
2005). These were the ﬁrst proteins to separate the processing and
joining activities of integrase in this way. Both of these proteins had a
single serine-to-aspartate substitution at one particular site in the
central catalytic domain (residue 124 in RSV integrase to yield the RSV
S124D protein, and the analogous residue 119 in HIV-1 integrase to
yield the HIV-1 S119D protein). Additional mutations identiﬁed the
relevant characteristics of the aspartic acid substitution that con-
tributed to the observed properties (Konsavage et al., 2007). In
particular, RSV integrase with glutamic acid substituted at position
124 (S124E) was indistinguishable from the S124D mutant, high-
lighting the importance of the negative charge. Substituting aspar-
agine or glutamine (which structurally resemble aspartate and
glutamate but without the negatively-charged acid group) also
improved processing and impaired joining but to a lesser extent
than the charged substitutions, indicating that the size of the side
group also played a role. An intermediate effect was also observed
when aspartic acid was placed at either of the adjacent residues 123 or
125. Importantly, the infectivity of virions containing each of these
mutations paralleled the in vitro ﬁndings, with substitutions having
the greatest effect on joining completely blocking replication due to a
block at the integration step. Additional studies indicated that the
S124D proteinwas impaired at binding to nonviral DNA (Konsavage et
al., 2007). The simplest way to explain the impaired nicking and
Fig. 1. Schematic representation of integrase assays used in this report. Oligodeox-
ynucleotides are depicted as straight lines, and the conserved CA bases near the 3′ ends
of unintegrated retroviral DNA are shown in boldface. Asterisks denote 32P groups, ROH
refers to nucleophilic donor molecules, and arrows indicate nucleophilic attack to nick
DNA. (A) Processing: integrase speciﬁcally nicks viral DNA after the conserved CA to
create labeled products 2 nucleotides shorter than substrate. (B) Joining: integrase
inserts processed viral DNA ends into various sites in either DNA strand to yield labeled
products that are longer than the substrate. (C) Nonspeciﬁc alcoholysis: integrase nicks
nonviral DNA at various sites to create labeled products that are shorter than the
substrate.
Fig. 2. The solvent-excluded surface of the central domain of avian sarcoma virus
integrase (PDB entry 1CZB) (Lubkowski et al., 1999) is shown using the Chimera
program (Pettersen et al., 2004). The 3 active-site acidic residues (D64, D121, E157) are
in red, and residue S124— previously identiﬁed as a probable contact for cellular DNA—
is in blue. Surrounding S124 in alpha-helix-2 are residues G123 (tan), C125 (brown),
and T127 (pink). Other highlighted residues are S98 (light green), V99 (yellow), S128
(purple), S130 (orange), and R137 (dark green). The end of processed viral DNA may
bind at residue K164 (not colored) (Jenkins et al., 1997). Based on our new data, 5
residues are identiﬁed as likely participating in the cellular-DNA binding site, in the
following order of importance: residue 124 surrounded by a thick-walled circle, 128
enclosed by a medium thickness circle, 98 and 125 enclosed by a thin circle, and 123
surrounded by a dashed circle.
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bulky side group causes electrostatic repulsion or steric interference of
the nonviral-DNA backbone in the cellular-DNA binding site. More-
over, as a consequence, the perturbed cellular-DNA site would be less
prone to nonspeciﬁcally bind viral DNA, which would indirectly
enhance the observed speciﬁcity and efﬁciency of processing
(Konsavage et al., 2007). Thus, these functional, biochemical, and
genetic data implicate residue 124 of RSV integrase (and the
analogous HIV-1 residue 119) as a key part of the binding site for
cellular DNA (for consistency, we use the term cellular DNA when
referring to models and the term target DNA when referring to
biochemical reactions). However, the rotational position of the
cellular DNA will remain uncertain until more than one contact on
integrase is identiﬁed, as noted by others when using this information
to model HIV-1 integrase (Diamond and Bushman, 2005).
To identify additional contacts for cellular DNA, we have used the
structure of the central domain of avian sarcoma virus integrase
(Lubkowski et al., 1999) to design a series of mutants containing one
or more aspartic acid substitutions at various positions near residue
124 (Fig. 2). Our strategy is to test the puriﬁed integrase mutants for
retained processing activity but impaired joining activity. These new
experimental data have identiﬁed additional relevant residues and are
beginning to paint a picture of the cellular-DNA binding site on the
integrase protein.
Results
Mutations at adjacent residues in alpha-helix-2: Effects on processing
RSV integrase residue 124 lies in the short alpha-helix-2 that was
deﬁned as including residues 124 to 127 (Bujacz et al., 1995) but may
also include residue 123 (Yang et al., 2000). We previously established
that placing aspartic acid at residues 123 or 125 yields a protein with
improved processing and impaired joining, but these differences from
wild type are less pronounced than those of the S124D mutant
(Konsavage et al., 2007). For example, each of the wild-type, G123D,
S124D, and C125D proteins efﬁciently processed double-stranded 18-mer substrates that represent a viral-DNA terminus to the correct 16-
mer product, whether reactions contained Mn2+ or Mg2+ as the
divalent metal cofactor (Figs. 3A and B, lanes 2 to 5). Quantitation of
multiple experiments showed that the S124D protein catalyzed
processing approximately 1.8-fold more efﬁciently than wild type,
and each of the G123D and C125Dmutants had approximately 1.5-fold
improved efﬁciency (the suggestion of diminished efﬁciency for the
C125D protein in lane 5 of Fig. 3A is misleading, because some
substrate in wild-type lane 2 was converted to smaller products not
included in the ﬁgure). Moreover, although the wild-type protein
frequently nicked one nucleotide away from the correct processing
site to create 15-mers (Figs. 3A and B, lane 2), each of the G123D,
S124D, and C125D proteins was more speciﬁc for the correct site and
produced relatively more 16-mers (lanes 3 to 5). The 15-mer products
were previously shown to result from the same mechanism as the 16-
mer products, i.e., integrase-dependent endonucleolytic nicking using
water or other nucleophilic donor molecules (Skinner et al., 2001).
Quantitation showed that the ratio of 16-mer to 15-mer products
created by the wild-type integrase was approximately 2 in reactions
with Mn2+ and 7 in reactions with Mg2+, consistent with previous
studies (Konsavage et al., 2005; Konsavage et al., 2007). In contrast,
the ratio of 16-mers to 15-mers (with either metal) was improved
compared to wild type by approximately 7-fold for the G123D protein,
10-fold for the C125D protein, and 10- to 25-fold for the S124D
protein.
To see whether processing could be improved further, we have
now tested proteins that simultaneously contain aspartate at 2 or 3 of
these positions (for simplicity, we refer to these mutants by the
residues at which aspartic acid was placed). We found that the 123/
124 and 124/125 double mutants (Figs. 3A and B, lanes 6 and 7) and
the 123/124/125 triple mutant (lane 9) catalyzed processing more
efﬁciently than wild type, although not appreciably better than the
S124D single mutant, whereas the 123/125 protein (lane 8) was
similar to wild type when averaged across 4 experiments. Addition-
ally, all of these multiply-substituted proteins were more speciﬁc than
Fig. 3. Autoradiograms of reactions with proteins mutated in alpha-helix-2. (A) Processing assays with Mn2+. Double-stranded 18-mers derived from one end of RSV DNA were 5′
labeled on the strand that contains the conserved CA and incubatedwith protein buffer (lane 1), wild-type RSV integrase (lane 2), or integrase mutants with the indicated amino acid
substitutions (lanes 3 to 11; double and triple mutants are abbreviated to show only the altered residue numbers, and 123/124/125 is further shortened to 123/4/5). Reactions were
conducted in the presence of 10mMMn2+ and analyzed as inMaterials andmethods. Nucleotide sizes, the 18-mer substrate, and the 16-mer and 15-mer products (reﬂecting nicks at
the−2 and−3 sites, respectively) are indicated. (B) Processing assays withMg2+. Similar to panel A except reactions were conductedwith 5mMMg2+, and lanes 10 and 11 are from
a different gel than the other lanes. (C) Joining assays with Mn2+. Double-stranded 30/32-mers representing a preprocessed end of RSV DNA were 5′ labeled on the strand that
contains the conserved CA and incubated with the same proteins as in panel A. Reactions were conducted in the presence of 10 mMMn2+ and analyzed as in Materials and methods.
The 30-mer substrate and the longer joined products are indicated. (D) Joining assays with Mg2+. Similar to panel C except reactions were conducted with 5 mM Mg2+. (E)
Nonspeciﬁc alcoholysis assays. Double-stranded 23-mers of nonviral sequencewere 5′ labeled on one strand and incubated with the same proteins as in panel A. Reactions contained
10 mM Mn2+ and 20% glycerol. The 23-mer substrate and nicked products are indicated, as are nucleotide sizes of prominent products from the wild-type protein.
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particular, quantitation showed that the speciﬁcity of processing in
reactions with Mn2+ was further enhanced another 4- to 5-fold above
the S124D protein when the S124D mutation was combined with an
acidic substitution at residue 125 to create the 124/125 or 123/124/
125 proteins (Fig. 3A, lanes 7 and 9 compared to lane 4). In contrast,
the incremental beneﬁt for speciﬁcity was only an additional 2-fold
for the 123/124 double mutant (Fig. 3A, lane 6).
Effects on joining and nonspeciﬁc nicking
In contrast to its improved ability to catalyze processing, the S124D
protein is impaired at catalyzing the insertion of a processed viral-
DNA terminus into other DNA (Konsavage et al., 2005). For example,
when tested in joining assays with a preprocessed viral-DNA
substrate, the S124D protein was 25% to 50% less efﬁcient than wild
type when reactions containedMn2+ (e.g., Fig. 3C, lane 4 compared to
lane 2). The S124D protein also created a different pattern of products
in these reactions, reﬂecting altered insertion-site preferences, and it
was reproducibly inactive in joining assays with Mg2+ (Fig. 3D, lane
4). The G123D and C125D proteins also created novel patterns in
joining assays with Mn2+ (Fig. 3C, lanes 3 and 5), although neither
protein was inefﬁcient at catalyzing joining with this metal. In
contrast, both of these proteins were impaired at joining with Mg2+,
especially the C125D mutant (Fig. 3D, lanes 3 and 5, and Table 1; note
that a minimal amount of joined products was detectable for C125D in
some experiments).We now ﬁnd that the 123/124, 124/125, and 123/125 double
mutants, and the 123/124/125 triple mutant, also created novel
patterns in joining assays with Mn2+. Quantitation of multiple
reactions also showed that each multiply-substituted protein that
contained the S124D replacement was less efﬁcient than wild-type at
catalyzing joining with Mn2+, although none was clearly less efﬁcient
than the S124D single mutant. Additionally, all of the multiply-
substituted proteins, similar to the S124D protein, were inactive for
joining with Mg2+ (Figs. 3C and D, lanes 6 to 9, and summarized in
Table 1).
Integrase also possesses a nonspeciﬁc endonuclease activity in
which various nucleophilic molecules are used to nick any DNA
sequence (Fig. 1, bottom) (Katzman and Sudol, 1996; Skinner et al.,
2001). This activity, which is only readily demonstrable with Mn2+,
resembles DNA joining (Katzman et al., 2000) but does not depend on
viral DNA to nick nonviral-DNA sequences. As seen in Fig. 3E (lane 2),
wild-type RSV integrase can nick more than 75% of a double-stranded
DNA substrate in this nonspeciﬁc alcoholysis assay, and nicks occur at
every site in target DNA although certain preferences are observed. As
with joining, the S124D protein is impaired for this nonspeciﬁc
nicking activity, and the few nicks that are made show that the target-
site preferences of this mutant are altered compared towild-type (Fig.
3E, lane 4 compared to lane 2). The G123D and C125D proteins are also
perturbed for this activity, both in efﬁciency and the pattern of
preferred nicks (Fig. 3E, lanes 3 and 5). We now ﬁnd that the double
and triple mutants involving various combinations of aspartates at
these 3 residues are also impaired for nonspeciﬁc nicking (Fig. 3E,
Table 1
Quantitative analysis of reactions with integrase mutants.a
Integraseb Processing/Mnc Processing/Mgd Joining/Mne Joining/Mgf Nickingg Patternh
Wild-type ↔ ↔ ↔ ↔ ↔ WT
S124D ↑ ↑ ↓ ↓↓ ↓ Novel
S98D ↑ ↑ ↔⁎ ↓↓ ↓ Novel
V99D ↔ ↔ ↔ ↔ ↔ WT
G123D ↑ ↑ ↔⁎ ↓ ↓ Novel
C125D ↑ ↑ ↔⁎ ↓↓ ↓ Novel
T127D ↑ ↑ ↔ ↔ ↔ WT
S128D ↑ ↓ ↔⁎ ↓↓ ↓ Novel
S130D ↑ ↔ ↔ ↔ ↔ WT
R137D ↔ ↔ ↔ ↔ ↔ WT
98/124 ↑ ↑ ↓ ↓↓ ↓ Novel
123/124 ↑ ↑ ↓ ↓↓ ↓ Novel
123/125 ↔⁎ ↔⁎ ↔⁎ ↓↓ ↓ Novel
124/125 ↑ ↑ ↓ ↓↓ ↓ Novel
124/127 ↑ ↑ ↓ ↓↓ ↓ Novel
124/128 ↑ ↑ ↓ ↓↓ ↓ Novel
124/130 ↑ ↑ ↓ ↓↓ ↓ Novel
124/137 ↑ ↑ ↓ ↓↓ ↓ Novel
98/124/128 ↑ ↑ ↓ ↓↓ ↓ Novel
123/124/125 ↑ ↑ ↓ ↓↓ ↓ Novel
a Reactions were quantiﬁed as in Materials and methods, values were normalized to concurrent reactions with wild-type integrase, and normalized values were averaged.
b The wild-type and prototypic S124D mutant are listed ﬁrst, followed by single, double, and triple mutants in numerical order; the names of double and triple mutants are
abbreviated to show residues at which aspartate was placed.
c Processing with Mn2+. An up arrow indicates at least 20% increased activity and 3-fold increased speciﬁcity. The asterisk indicates increased speciﬁcity but not activity.
d Processing with Mg2+ (a metal with which the wild-type has lower activity but higher speciﬁcity). An up arrow indicates at least 40% increased activity and 2-fold increased
speciﬁcity (the down arrow for S128D reﬂects decreased activity despite retained speciﬁcity). The asterisk indicates increased speciﬁcity but not activity.
e Joining with Mn2+. A down arrow indicates b75% of wild-type activity. An asterisk indicates retained efﬁciency but an altered pattern of products (all proteins with a down arrow
also had altered patterns).
f Joining with Mg2+ (a metal with which the wild-type has lower activity). One down arrow indicates b40% of wild-type activity; two down arrows indicate minimal or no joining.
g Nonspeciﬁc nicking, measured as the conversion of substrate to shorter products in nonspeciﬁc alcoholysis reactions with Mn2+. A down arrow indicates b60% of wild-type
activity.
h The pattern of product bands in Mn2+-dependent joining and nonspeciﬁc nicking reactions is categorized as wild type (WT) or novel.
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although obtained with Mn2+, parallel the DNA joining results
obtained with Mg2+, as previously noted (Konsavage et al., 2005).
Mutation of an additional residue within alpha-helix-2
The above experiments extend the observation that residue 125
has more of an effect than 123 in improving processing and impairing
joining, but that neither one is as important as residue 124 in causing
these effects (Konsavage et al., 2007). Because there are approxi-
mately 3.6 amino acids per turn of an alpha helix, the side chains of
residues 123 and 125 point approximately 100 ° away from the side
chain of residue 124. We therefore placed an aspartic acid at residue
127, which is almost one full turn along the helix from residue 124, to
see whether a greater effect would be obtained with a side chain that
might more closely align with that of residue 124. However, although
the T127D protein had slightly enhanced activity and speciﬁcity
during processing, it acted similarly to thewild-type protein in joining
and nonspeciﬁc nicking assays (lane 10 in each of Figs. 3A to E, and
Table 1). Moreover, combining this substitution with S124D yielded a
protein thatwas indistinguishable from the S124D singlemutant (lane
11 in Figs. 3A to E, and Table 1). In summary, the results from all of the
mutations in alpha-helix-2 show that in terms of affecting interactions
with nonviral DNA: residue 124 has a key role, residue 125 is more
important than 123, and residue 127 has minimal or no effect.
First set of mutations outside alpha-helix-2
The above data were critical for designing the next set of mutants.
Based on the results with the alpha-helix-2 mutants, we used the
crystal structure of integrase (Fig. 2) to identify residues near 124 that
extend over the surface of the protein, are closer to 125 than to 123,and form a potential channel with 124 that does not involve residue
127. Three amino acids were initially identiﬁed as meeting these
criteria: S128, S130, and R137. We therefore placed aspartic acid
substitutions at each of these positions, alone or in combination with
S124D. We found that the S128D and S130D proteins had improved
efﬁciency and speciﬁcity during processing with Mn2+, though not to
the level of the S124D protein (Fig. 4A, lanes 4 and 5, and Table 1). In
particular, the S128D and S130D mutants created ratios of 16-mers to
15-mers that were approximately 5-fold higher than wild-type with
Mn2+. Neither of these proteins, however, was clearly improved for
processing with Mg2+ (Fig. 4B, lanes 4 and 5, and Table 1; the
apparent decreased efﬁciency in lane 4 will be discussed later). In
contrast, the R137D protein acted similarly to wild-type with both
metals (Figs. 4A and B, lane 6, and Table 1). We also note that
combining any of thesemutations with S124D did not further increase
the activity or speciﬁcity of processing compared to the S124D single
mutant (Figs. 4A and B, lanes 7 to 9).
When tested for joining, only the S128D protein resembled the
S124D mutant. In particular, both of these proteins created novel
patterns of joined products with Mn2+ (Fig. 4C, lanes 3 and 4, and
Table 1); that these Mn2+-dependent patterns were similar to each
other is also noteworthy, although the subtle differences conﬁrm that
these were distinct proteins. Moreover, both of these proteins were
inactive with Mg2+ (Fig. 4D, lanes 3 and 4, and Table 1). In contrast,
the S130D and R137D proteins acted similarly to wild-type in joining
assays with either metal (Figs. 4C and D, lanes 5 and 6, and Table 1).
Analogous results were found with the nonspeciﬁc alcoholysis assay,
i.e., the S128D protein acted similarly to S124D (Fig. 4E, lane 4
compared to lane 3) and the S130D and R137D mutants were
indistinguishable from wild-type (lanes 5 and 6 compared to lane
2). Interestingly, combining any of the 128, 130, or 137 mutations with
S124D further decreased joining activity with Mn2+ by another
Fig. 4. Autoradiograms of reactions with the ﬁrst set of proteins mutated outside of alpha-helix-2. Details and reaction conditions were as described in the legend to Fig. 3. (A)
Processing assays with Mn2+. (B) Processing assays with Mg2+. (C) Joining assays with Mn2+. (D) Joining assays with Mg2+. (E) Nonspeciﬁc alcoholysis assays with Mn2+.
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double mutants were also inactive for joining with Mg2+ (Fig. 4D,
lanes 7 to 9), as expected given that they contained the S124D
substitution, and they acted similarly to the S124D single mutant in
nonspeciﬁc nicking assays (Fig. 4E, lanes 7 to 9). Overall, the results of
the joining and nonspeciﬁc nicking assays (Table 1) identify residue
128 as another amino acid position that affects interactions with
nonviral DNA.
Additional mutations
With the above information, we used the structure of the core
domain (Fig. 2) to identify two additional residues for substitution by
aspartic acid: S98 and V99. These two amino acids extend a potential
channel that is deﬁned by residues 124 and 128, located on the 125-
side of 124, and does not involve 127 (Fig. 2). We therefore created
and puriﬁed the S98D and V99D proteins. The results of testing these
mutants showed that the S98D protein had improved activity and
speciﬁcity with either metal (Figs. 5A and B, lane 4, and Table 1), with
a ratio of 16-mers to 15-mers approximately 5-fold greater thanwild-
type (although not to the level of the S124D protein). In contrast, the
V99D mutant had only slightly enhanced speciﬁcity with Mn2+ and
generally acted more similarly to the wild-type integrase during
processing (Figs. 5A and B, lane 5, and Table 1).
The S98D protein also resembled the S124D mutant in joining
assays. In particular, the S98D protein created a novel pattern of
products in joining reactions with Mn2+ and had minimal activity
with Mg2+ (Figs. 5C and D, lane 4, and Table 1). In contrast, the V99D
protein acted similarly to wild-type with either metal (Figs. 5C and D,
lane 5, and Table 1). The similarity between the S98D and S124D
proteins was also evident in nonspeciﬁc nicking assays, i.e., dimin-
ished activity and altered target-site preferences (Fig. 5E, lane 4),whereas the V99D mutant (lane 5) could not be distinguished from
wild-type in this assay. Together, these data indicate that 98 should be
added to the list of integrase residues that inﬂuence interactions with
nonviral DNA.
Given the above results, we combined the S98D mutation with
S124D to make the 98/124 double mutant, as well as with S124D and
S128D to make the 98/124/128 triple mutant. Both of these new
proteins were more active and speciﬁc than wild-type for processing
with either metal, but these multiply-substituted proteins did not
improve upon the results with the S124Dmutation alone (Figs. 5A and
B, lanes 6 and 7 compared to lane 3). The 98/124 and 98/124/128
proteins also acted similarly to the S124D single mutant in joining and
nonspeciﬁc nicking assays (Figs. 5C to E, lanes 6 and 7 compared to
lane 3; note that the suggestion in Fig. 5C of further decreased activity
for the double and triple mutants compared to the S124D single
mutant was not conﬁrmed by quantitation of multiple experiments).
The data from all of the mutants described in this report are
summarized in Table 1.
Discussion
Integrase is a critical enzyme for retrovirus replication and an
important target for new antiviral agents, as validated by the recent
approval of the ﬁrst inhibitor of HIV-1 integrase for clinical use (Havlir,
2008). Despite years of study, however, we still do not know how
integrase distinguishes between its two DNA substrates so that it can
speciﬁcally nick viral DNA and nonspeciﬁcally nick cellular DNA. Our
recent description of integrase mutants selectively impaired for one of
these activities provides a new perspective for addressing this
important question. In particular, the S124D mutant of RSV integrase
and the analogous S119D mutant of HIV-1 integrase are improved for
speciﬁc processing of viral DNA but impaired at joining this DNA into
Fig. 5. Autoradiograms of reactions with additional mutations outside of alpha-helix-2. Details and reaction conditions were as described in the legend to Fig. 3, except lanes 6 and 7
in each panel are from a different gel than the other lanes, and 98/124/128 is abbreviated as 98/124/8. (A) Processing assays withMn2+. (B) Processing assays withMg2+. (C) Joining
assays with Mn2+. (D) Joining assays with Mg2+. (E) Nonspeciﬁc alcoholysis assays with Mn2+.
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2005). Because this amino acid contributes to the short alpha-helix-2
in crystals of each protein (Bujacz et al., 1995; Dyda et al., 1994), we
expect that results fromeither systemwill be relevant to both proteins.
The avian system is particularly useful because of the propensity of
puriﬁed wild-type avian integrases to nick one nucleotide away from
the biologically relevant processing site, especially when reactions
containMn2+ (Harper et al., 2003; Katzman et al.,1989). This property
permits evaluation of mutants for unambiguous improvements in
speciﬁcity for the correct site in processing assays, independent of the
amount of activity for any given enzyme preparation. The ability of
avian integrases to readily exhibit joining activity with Mn2+ or Mg2+
also facilitates concurrent study of the effects of mutations on this
activity using either cofactor,while avoiding the issue ofwhichmetal is
used in vivo (Konsavage et al., 2008).
We have now found that speciﬁcity during Mn2+-dependent
processing was further enhanced by combining the S124D replace-
ment with an adjacent acidic substitution (Fig. 3A). In particular,
substitution at residue 125 hadmore of an augmenting effect than one
at 123, consistent with the greater effect of a single substitution at 125
compared to 123 (Konsavage et al., 2007). Additionally, joining in the
presence of Mg2+ was not detected for any protein with multiple
substitutions at residues 123 to 125 (Fig. 3D), including the 123/125
double mutant that retained a wild-type serine at position 124. Thus,
having a negatively-charged side chain at both of these positions can
approximate the effect of a negative charge at themore critical residue
124. Although each multiply-substituted protein that contained
S124D was also impaired for joining (and nonspeciﬁc nicking) in
reactions with Mn2+, we could not discern a synergistic effect with
residue 124 in these assays (Figs. 3C and E). One reason an additiveeffect may not have been detected in every assay is that the side chains
of residues 123 and 125 are not aligned with that of 124, because
adjacent positions along an alpha helix are offset by approximately
100°. However, a mutant with an acidic substitution at residue 127
(offset by approximately 60° from residue 124) acted similarly to
wild-type in joining and nonspeciﬁc nicking assays, and this
substitution did not augment the effect in any assay when combined
with S124D (Fig. 3).
Guided by the above ﬁndings and known crystal structures, we
identiﬁed several additional residues for replacement by aspartic acid.
In particular, we found that the S128D and S98D proteins had
improved efﬁciency and speciﬁcity in processing assays with at least
one metal, perturbed target-site preferences in joining reactions with
Mn2+, dramatic impairment for joining with Mg2+, and diminished
activity with altered target-site preferences in nonspeciﬁc nicking
assays (Figs. 4 and 5, and Table 1). Thus, RSV residues S98 (analogous
to HIV-1 residue G94 and positioned at the beginning of alpha-helix-
1) and S128 (analogous to HIV-1 residue S123 and located just before
alpha-helix-3) (Bujacz et al., 1995) join the list of amino acids that
may contribute to the cellular-DNA binding site on integrase (Fig. 2).
Others have already incorporated our data on RSV residue S124
(analogous to HIV-1 residue S119) into models of HIV-1 integrase
(Diamond and Bushman, 2005), but as these authors noted,
identiﬁcation of additional residues that bind cellular DNA is
necessary to orient the target DNA and reﬁne this model. Our new
data contribute to this goal by identifying two additional residues, not
adjacent to 124 in the primary protein sequence, that also affect
interactions with nonviral DNA. More recently, another group
proposed a model in which cellular DNA binds in a surface trench
perpendicular to the viral-DNA termini (Dolan et al., 2009), and our
147M.G. Nowak et al. / Virology 389 (2009) 141–148new data (to which they refer) provide experimental support for this
aspect of their model. Our data also ﬁt nicely with extensive new
crystal structures that will be reported soon (P. Cherepanov, personal
communication).
We also assessed proteins that combined the S98D, S124D, and
S128D mutations. Although the 124/128 protein had slightly
diminished Mn2+-dependent joining activity compared to the
S124D single mutant (Fig. 4C), a similar statement is true for the
124/130 and 124/137 double-mutants. That acidic substitutions at
130 and 137 had little effect alone but enhanced the effect of the
S124D substitution suggests that these two residues have minor
interactions with cellular DNA. However, we are reluctant to
emphasize ﬁne distinctions between proteins based on joining
efﬁciency, because these reactions are inherently more variable than
processing reactions and more difﬁcult to quantify due to lower
product yield and interference from the large excess of substrate that
migrates close to some products. Additionally, all of the double
mutants, and the 98/124/128 triple mutant, retained some joining
activity with Mn2+. On the other hand, every mutant with an acidic
substitution at one or more of residues 98, 123, 124, 125, or 128
unequivocally exhibited altered target-site preferences during joining
reactions with Mn2+. We believe that changes in these patterns are
more reliable indicators of interactions with target DNA than slight
differences in measured enzyme activity. Moreover, joining in the
presence of Mg2+ was clearly diminished for the G123D mutant,
minimal for the S98D and C125D mutants, and not detected for the
S124D or S128D mutants or for any double or triple mutant (Table 1).
Thus, it is likely that the functional DNA binding sites are inﬂuenced by
the divalent metal cation available to integrase. Along these lines, it is
interesting that the S128D protein showed improved efﬁciency and
speciﬁcity for processing with Mn2+, but reproducibly diminished
activity and no improvement in speciﬁcity for processing with Mg2+
(Fig. 4B, lane 4, and Table 1). The discordance between processing
with the different metals suggests that this substitution interferes
with coordination of a Mg2+ cation in the active site of the enzyme
(Bujacz et al., 1997; Bujacz et al., 1996; Diamond and Bushman, 2006;
Goldgur et al., 1998; Maignan et al., 1998). However, there was no
reduction in Mg2+-dependent processing by the 124/128 double
mutant (Fig. 4B, lane 7, and Table 1), indicating that any interference
from the S128D mutation was overcome by a productive interaction
with Mg2+ due to the S124D mutation.
In summary, the strategy of placing negatively-charged amino
acids at candidate cellular-DNA contacts and testing the puriﬁed
integrase mutants for retained processing but impaired joining
activity has identiﬁed additional residues that likely contribute to
the cellular-DNA binding site (Fig. 2). Although mutations that may
interfere with multimerization of integrase were reported to impair
joining more than they impaired processing (Al-Mawsawi et al.,
2008), our mutants were improved for processing. Moreover, an effect
onmultimerization is unlikely to explain the defect in joining for these
mutants given that tetramers of avian integrase are needed to catalyze
the reversal of the joining reaction termed disintegration (Bao et al.,
2003) and our previous demonstration that each of the G123D, S124D,
and C125D mutants efﬁciently catalyzes disintegration (Konsavage et
al., 2007). Future studies will be directed at testing whether binding to
nonviral DNA is selectively impaired for all of the relevant mutants, a
non-trivial endeavor given the nonspeciﬁc binding properties of other
parts of integrase (Dirac and Kjems, 2001; Engelman et al., 1994;
Heuer and Brown, 1997; Vink et al., 1993; Woerner and Marcus-
Sekura, 1993) and the effects of protein aggregation on such assays
(Delelis et al., 2008). However, given that the enzymatic data
described in this report have already been alluded to by two other
groups to support new models of integrase (Dolan et al., 2009, and P.
Cherepanov, manuscript submitted for publication), it is important to
present the extensive primary data obtained to this point. Based on
their Mg2+-dependent joining activity, we would rank the contribu-tions that the 5 identiﬁed residues have on interactions with nonviral
DNA as (124, 128)N(98, 125)N123, and residue 124 is likely more
important than 128 given theirMg2+-dependent processing activities.
Consistent with our data, these amino acids are centered at residue
124 (Fig. 2). Combining mutations at 4 or 5 of these sites, as well as
additional positions suggested bymodels from other groups (Dolan et
al., 2009), should further extend the proposed binding platform for
target DNA. Ultimately, we hope to create an extreme integrase
mutant in which the nonspeciﬁc cellular-DNA binding site is
completely knocked out but the ability to process viral-DNA termini
is well preserved. Such a protein would be of obvious relevance to
deﬁning the cellular-DNA binding site, while also providing the basis
for a new way to elucidate the viral-DNA binding site. Together, these
efforts will contribute to understanding the mechanism of integrase
function and identify speciﬁc targets for the next generation of
integrase inhibitors.
Materials and methods
Protein expression and puriﬁcation
The coding sequence for RSV integrase was cloned into plasmid
pQE-30 (Qiagen, Inc., Chatsworth, CA), as previously described
(Katzman and Sudol, 1995; Konsavage et al., 2005; Skinner et al.,
2001), and site-directed mutants were created by overlap extension
PCR (Horton et al., 1993). All constructs were conﬁrmed by sequencing
the entire integrase-coding regions in the Penn State College of
Medicine Molecular Genetics Core Facility. Proteins were expressed in
Escherichia coli M15[pREP4] (Qiagen), puriﬁed by metal afﬁnity
chromatography under native conditions, and stored in a buffer that
contained 33 mM Tris–HCl (pH 7.6), 0.67 M NaCl, 0.7 mM dithioer-
ythritol, 0.07 mM EDTA, 0.07% Triton X-100, and 40% glycerol, all as
described previously (Katzman et al., 2001). Concentrations of
proteins were measured by comparison to Coomassie blue-stained
standards following sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and densitometry of dried gels. All
experiments compared equimolar amounts of proteins.
Integrase assays
The sequences of oligodeoxynucleotides derived from the U3 end
of RSV DNA used for the processing and joining assays, and the
nonviral oligodeoxynucleotides used for the nonspeciﬁc nicking assay,
have been published (Konsavage et al., 2005). Oligodeoxynucleotides
were gel-puriﬁed following synthesis and again after being 5′ labeled
with [γ32-P]ATP by T4 polynucleotide kinase (Katzman and Sudol,
1995). Double-stranded DNA substrates were prepared by annealing
the labeled strand with 4-fold excess unlabeled complementary
strand (Konsavage et al., 2007). All assays were preformed in 10-μl
reaction mixtures containing 0.5 pmol of double-stranded DNA,
25 mM Tris–HCl (pH 8.0), 10 mM dithiothreitol, 10 mM MnCl2 or
5 mMMgCl2, and 1.0 μl of integrase (containing 4 pmol of enzyme) or
protein storage buffer; nonspeciﬁc alcoholysis assays were supple-
mented with glycerol to a ﬁnal concentration of 20%. Reactions were
incubated at 37 °C for 90 min and stopped by adding an equal volume
of loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol
blue, 0.05% xylene cyanol) and heating at 95 °C for 5 min. Samples
were loaded onto 20% polyacrylamide (acrylamide to methylene-
bisacrylamide ratio, 19:1)-7 M urea denaturing gels, followed by
electrophoresis at 75W until the bromophenol blue dye had migrated
28 cm for processing assays or 33 cm for joining and nonspeciﬁc
alcoholysis assays. Wet gels were autoradiographed at −70 °C, and
results were quantiﬁed by phosphorimager analysis of gels in which
the reaction lanes were separated by empty lanes (Konsavage et al.,
2005). The efﬁciency of each reaction was calculated as phosphor-
imager units for the relevant products divided by phosphorimager
148 M.G. Nowak et al. / Virology 389 (2009) 141–148units for the entire lane, with corrections for control reactions that did
not contain integrase (Morgan and Katzman, 2000). The speciﬁcity of
processing reactions was calculated as the ratio of 16-mer to 15-mer
products.
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